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INTRODUCTION 
Magnetic shielding is an essential component of a wide variety of 
superconducting microelectronic instrumentation. For example, SQUID is 
a device designed for low magnetic field measurements. With poor 
shielding, vortices can be trapped in the superconducting lines of a 
SQUID. And in a rather different area, concerning the search for 
magnetic monopoles, large-area flux detectors are required, since it is 
essential that there be no false signals from motion of unwanted flux. 
In both cases, one way to control the effects of unwanted magnetic flux 
is probably to reduce the ambient field to a level low enough that the 
average quantized vortex spacing is larger than the size of the device. 
One method of obtaining a low magnetic fields has been to expand 
folded cylindrical superconducting thin films [1]. In this procedure, 
a tightly folded lead foil is cooled through its transition temperature 
and then expanded, the total magnetic flux being reduced because of the 
increase in area. To further reduce the field, a second folded shield 
is then inserted, cooled through its transition and mechanically 
expanded. The outer shield is then torn apart and removed. Repeating 
this process about four times produces absolute magnetic fields in a 
range close to 10~^ gauss. However, useful as this method is, it has 
two major disadvantages: the inconvenience of having to mechanically 
manipulate the foil shields at 4.2 K, and the destruction of the outer 
shields. 
2 
In 1983, John R. Clem developed [2-4] an alternate method based on 
different physical principles to reduce the field in a cylindrical 
superconducting magnetic shield. In this new method, ambient fields 
are reduced by sweeping quantized vortices out of a thin-film 
superconducting cylindrical shell by proper sequence of applied or 
induced axial current. Fang and his co-workers have extensively 
studied the flux pinning in the low magnetic field regime 15] and 
demonstrated the flux annihilation procedure [6]. 
The basic design of the shield involves constructing a thin-film 
cylindrical shell of low-pinning superconducting material, and 
containing regions of high-pinning material at each end. In the low-
pinning region, the critical current for flux motion must be low enough 
that to depin and annihilate vortices before the self field from the 
drive current nucleates new vortices or creates hot spots. 
Of the two possible low pinning materials, out of which the 
cylinder could be constructed, Fand and his co-workers chose granular 
aluminum (g-Al) because it has a short mean free path and a relatively 
low Ginzburg-Landau parameter [7]. With 10.8 pS-cm normal resistivity 
at 4 K and = 1.64 K, one has K = 2.0 and Hg2 = 21 Oe at t = 0.98. 
Thus =3.6 Oe and is on the order of 10 Oe by the relations = 
Hj,2lnK/2K2 and Hg = HJ,2//2K. 
Varieties of amorphous material can also be used for building this 
shield. Schafer and Heiden [8] built a cylindrical thin film 2 cm in 
diameter and 20 cm in length, using amorphous (MogQRu^Q)0QB2o with T^ = 
5.8 K [9]. In these experiments, the flux annihilation procedure was 
performed at 4.2 K which was rather low when compared to its transition 
temperature. They observed a hysteretic behavior in the field versus 
Ig curves, so it may be possible that some hot spots were created in 
some parts of B va curve. 
The basic principles of the shield can be summarized in the 
following way. First, a granular aluminum thin-film superconducting 
tube with high pinning material on both ends is about 5 cm in diameter 
and 20 cm in length. The sample tube is cooled through its transition 
temperature with the longitudinal field Bg much less than the 
perpendicular field B_. Second, the vortices and antivortices trapped 
in the central low-pinning region inside the tube can be swept to one 
side due to the Lorentz force and annihilated by applying an axial 
transport current I^. Thus, it reduces the field B_ to zero. The 
essential criterion is that ly < 1% < I^, where Ij is the critical 
depinning current and is the minimum current which can create hot 
spots or nucleate new vortices. In order to satisfy this criterion, 
the operation temperature should be kept close to T^. Third, after the 
axial current Ig is turned off, the flux is excluded by Meissner 
shielding. The sample is cooled to a lower temperature such that the 
induced longitudinal current due to the Meissner effect screen out the 
ambient transverse applied field and noise. The high pinning region 
prevents any vortices or antivortices from moving into the middle from 
the two ends. Finally, the trapped longitudinal magnetic field B^ can 
be reduced essentially to zero with the help of induced circumferential 
currents. The induced currents are generated by a solenoid. 
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The work reported in this thesis includes the investigation of the 
low pinning material and the proof of principle of the magnetic 
shielding in both theory and experiment. 
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THEORY 
To set the stage for a study of the performance of the magnetic 
shielding, it is very useful to derive the basic equations and organize 
the theoretical framework. In this section, theoretical expressions 
for the shielding are obtained. The basic equations are briefly 
derived and the operation steps are described. 
Shielding Apparatus 
The principle of this shielding apparatus is based on some basic 
properties of vortices and antivortices. Vortices can be set in motion 
by applying a current greater than the critical depinning current 
[9,10]. This motion is due to the Lorentz force F = Jx$, where J is 
the current density and $ is the magnetic flux. It is also known that 
vortices and antivortices at close range attract each other and 
mutually annihilate [2,5,6,11]. The superposition principle tells us 
that the net microscopic magnetic field H is the sum of the zero-
quantum response field HQ and a dipole-like field distribution 
generated by the trapped vortices and antivortices, as sketched in Fig. 
1. If the field inside a superconducting tube was swept out by 
annihilation one could get a zero-quantum response. 
The basic structure of the apparatus is shown in Fig. 2. It 
consists of: (1) a mechanical support; (2) a superconducting film with 
three pinning regions; (3) a coaxial solenoid; and (4) two pairs of 
Helmholtz coils perpendicular to each other. The mechanical support 
must be made of nonmagnetic material so as not to introduce other stray 
Fig. 1. Transverse magnetic field distribution, H, trapped in a 
thin superconducting cylindrical shell. is the 
zero-quantum response field and is the field 
generated by the trapped vortices (top) and antivortices 
(bottom/ 
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Cu END PIECES 
Fig. 2. Sketch of the apparatus with three transition regions. The 
solenoid and two pairs of Helmholtz coils are not shown 
8 
fields. A glass tube soldered with copper at the two ends can be used. 
The material for the superconducting film should have low depinning 
current density so that the trapped vortex or antivortex can be moved 
freely before exceeding the normal state by an axial current. The 
central region of the film should have relative low pinning current 
compared with the high pinning region at the two ends. The transition 
regions are made such that the critical depinning current varies 
monotonically from the low central value to the higher values on the 
ends (Fig. 3). Finally, the Helmholtz coils should generate enough 
field to cancel out the earth's magnetic field, whose magnitude is of 
the order of 1 G. 
The possible materials with low-pinning are granular aluminum and 
a number of amorphous materials. Using the BCS coherence length 
the mean free path 2, and the upper critical field H^2 from Ekin's 
paper [7], one can estimate the penetration depth X, Ginzburg-Landau 
parameter K, and lower critical field for the granular aluminum. 
Equations appropriate for the calculation [11] with t = 0.98 are 
(dirty) 
XL(0) = 3.54xl02Eg-l/2 (X(0) = 50 nm) 
K = 2.54xlO'&-if |2 n-l C-1/2 
"cl = Hj,2lnK/2K2 
Id 
HIGH PINNING REGION 
TRANSITION REGION, 
LOW PINNING REGION 
I 
. 3, The distribution of the critical depinning current in 
three transition regions 
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Properties calculated for the granular aluminum using these equations 
are listed in Table 1. (The thickness of the sample d, the transition 
temperature T^, and the normal resistivity at 4 K were also given in 
Ref. 7.) Following the same procedure, one may present the properties 
of some amorphous material [12] as given in Table 2. 
Basic Equations 
As Clem indicated [2,3], the behavior of superconducting magnetic 
shield is governed by the following three equations: 
Ampere's Law: TxH = J (1) 
London's Equation: TxJ = -(1/X^)H (2) 
Fluxoid Quantization: i + >? <fj'dl = N#Q (3) 
where H, J, X are magnetic field, current density, and penetration 
depth, respectively. N is an integer, 4Q is the flux quantum equal to 
shielding problem, the cylinder is divided into three regions as shown 
in Fig. 4. From Ampere's law and London's equation, one has 
2.07x10-7 G-cmZ, and $ = dH-dS = «applied + ^induced To solve the 
= 0 0 < r < Ri 
Rl < r < Rz 
r > R2 = 0 
In cylindrical coordinates. 
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Table 1. Properties of granular aluminum thin film at t = 0.98 [7] 
5o « "cZ "n («) d K X Hci 
Sample (nm) (nm) (Oe) (K) (liS-cm) (nm) (nm) (Oe) 
1 980 0.98 94 1.95 41 29 8.0 1550 12 
2 1160 3.7 21 1.64 10.8 32 2.0 800 3.6 
3 1200 4.5 17 1.58 8.8 35 1.6 720 2.5 
4 1250 5.9 12 1.52 6.8 30 1.2 630 0.9 
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Table 2. Properties of some amorphous material at t = 0.7 [12] 
d Tc Pn K X "cl 
Material Sample (nm) (K) (liB-m) (nm) (Oe) 
NbgGe 176A 2920 4.20 1.65 61 877 13 
—  — —  175A 1240 3.99 1.57 63 892 12 
174B 620 3.86 1.64 65 935 11 
NbgSl 27C 2480 3.52 1.80 67 1008 10 
—  26A 960 3.19 1.80 64 1063 9.1 
— — —  31B 710 3.36 1.80 66 1037 9.4 
MooSl 20B 460 7.69 1.48 59 627 25 
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Fig. 4. An infinitely long superconducting cylindrical shell with 
inner radius Rj, outer radius R2, and thickness d (d << Rj) 
is divided into three regions. The applied field is along 
the axial direction 
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(9^H)p . - (l/r2)Hp 
- H^/r2 
(T^H)^ . fHg 
For the case of a cylindrical shell of thickness d and radius R which 
is infinitely long, the solutions are [13]: 
z 
^11 ™ [ C2lQ(r/X) + C2KQ(r/X) J z 
Bill = z 
where is the magnetic field inside the cylinder and is the 
applied field. IQ and KQ are the zero order modified Bessel functions 
114]. Using the boundary condition, i.e., the continuity of the fields 
at r = R^ and r = Rj + d, one has 
Ci = [ Hg^Ko(Ri/X) - HiKo((Ri+d)/X) ]/(VR)sinh(d/X) 
Cg = ( HiIo((Ri+d)/X) - HaIo(Ri/X) ]/(VR)sinh(d/X) . 
For M » 1, I^(M) [l+0(l/y)] 
K^(W) (n/2y)e-yll+0(l/y)] , 
where p is dimensionless. Since R^ » X and d « Rj , 
Hjj X (l/sinh(d/X))(HaSinh[(r-Ri)/X]+Hisinh[(Ri+d-r)/X]). 
Using Ampere's law, we find the azimuthal current density is given by 
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J . J* .(Asinh(d/X))-l[HiCOsh(d/X) -
The relation between and is obtained for the zero quantum 
condition. With R = Rj = r and N = 0, 
nR^Hj + 2nRX2(Xsinh(d/\))-l[HiCosh(d/X) - - 0 , 
Hi/Ha = I(R/2X)sinh(d/X) + cosh(d/X)]-l (d « R) 
The above equation can be simplified into two cases so that the minimum 
thickness of the film is obtained for a desired shielding level with 
different penetration depth. 
1. Hj/Ha = (4X/R)ëd/^ (X < d « R) 
From the above discussion, the axial field penetrated into a 
cylinder of infinite length is determined. In reality, the cylindrical 
shell is finite. The transverse field could leak into the central 
region from the two ends. This situation, as shown in Fig. 5, should 
be considered for the design of the shield. After the dimensions d and 
R are chosen, one may use a finite length of the cylinder for a desired 
field level. Since VxH = 0 for static field, a scalar potential U can 
be used. One has 
dmin = ^ ln[(4X/R)Ha/Hi] (dmin > (4a) 
2. Hj/Ha = [(R/(42X)2 + 1]"^ 
dmin = Xl(2VR)Ha/Hi], (dmin « (4b) 
(d « X « R) 
H = —VU 
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Fig. 5. A few magnetic field lines perpendicular to the axial 
direction leaks in the central region from the two ends 
9'H = = 0 . 
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Let U = R(r)$(*)Z(z) and substitute in the above equation, 
d^f/d*^ = -m^# 
d^Z/dzZ = K^Z 
i f.) * if}- ^ )R = 0 
The solutions are 
$(*) = A^sinfm*) + B^cos(m<t») 
Z(z) = C^ekz + Cge-kz 
R(r) = DmJm(kz) + ' 
where and are Bessel functions [14]. Considering symmetry and 
convergence, one obtains = 0, = Cg, and = 0. Since $(*) = 
B^cos(m<t)), one can choose m = 1 for a reasonable approximation. 
Applying the boundary condition, 
9R n IT r=R • ® 
Since J'i(w) = JO(M) - Ji(w)/w , 
Jo(W) = Jl(W)/W = J2(W) 
where M is dimensionless. Hence, 
Jo(kH) = J2(kR) [15] 
kR = 1.84 
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The perpendicular field in the middle of the tube is 
AN I 
"I " 3F |z=0 = AJL(KR)COS+ . 
The perpendicular field inside the tube at either the top or bottom 
ends is 
ATI I 
"z-L/2 • 3F |Z-L/2 = AJl(kr)cosh(kL/2)cos+ . 
For L » R, cosh(kL/2) . (L/2)EO'92L/R . 
Since H2^L/2 ^ "a' 
Hii/Hg < 2e-0'92L/R , (5a) 
The more sophisticated and accurate calculation was given by 
Clem [16]. Also chosen was m = 1. The result was 
Hj/Hg = 1.324e"°-921L/R ^ (5b) 
Thus for a desired field level, one has 
Lmin = 1.086Rln(1.324(Hai/Hii)) . (5c) 
To summarize the results, Eqs. (4a), (4b), and (5c) can be used to 
determine the thickness and the minimum length of the film for a 
desired shielding level. 
As an example, a set of data for an ideal shielding with 
X = 500 nm, R = 10cm, and = 1 mOe is listed in Table 3. 
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Table 3. Values of minimum thickness and length the 
desired shielding 
Desired Shielding Minimum d and L 
Hi/Hjj m^in m^in 
10-7 0.1 2650 178 
lOr* 1.0 1500 153 
10-5 10 347 128 
10-4 10^ 50 103 
10-3 10^ 5 78 
10-2 io4 0.5 53 
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The maximum thickness is limited by Eq. (3) 
^max ° Hci/Jj 
where is the lower critical field and Jj is the critical depinning 
current density. 
When an axial current is applied, the current density J should be 
in the range < J < where Jj^ is the breakdown current density due 
to hot spots. The material for the shielding should have high and 
low Jj such that there is a wide current operation window. The energy 
dissipation per unit area by the current density J is p^J^d and the 
heat transfer is a(Tg - T). is the normal resistivity, d is the 
thickness of the film, and a is the heat transfer coefficient of the 
material. Therefore, the criterion for growth of a hot spot is [17] 
Pnjgd = 2a(Tc - T) 
.-. Jh = [2a(T(. - T)/pnd]l/2 (6) 
where the heat transfer coefficient a for granular aluminum is in the 
order of 10"^ W/cm^-K [17,18]. 
Three Operation Steps 
For proper performance of the shield there are three operational 
steps as indicated by Clem [2,3] to achieve zero-quantum field. They 
are cooldown step, annihilation step, and manipulation step. 
(1) Cooldown step; The superconducting cylindrical shell is 
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cooled through its transition temperature in the presence of an ambient 
magnetic field H. This field should be on the order of milligauss 
level, which can be produced by mu-metal shield or Helmholtz coils to 
cancel the earth's magnetic field. The reason for having such a low 
ambient field is to prevent the breakdown of superconductivity due to 
the induced current from the Meissner effect. If the field 
differential between inside and outside the cylinder is the earth's 
magnetic field after the sweeping, for example, the screening currents 
needed to produce this field differential would exceed the critical 
current for hot spots. 
Following cooldown, the magnetic field H is trapped in the form of 
a distribution of both vortices and antivortices in the superconducting 
shell wall. As shown in Fig. 6, the field parallel to the longitudinal 
axis Hg is arranged to be much less than the field perpendicular to the 
longitudinal axis The values of Hg averaged over the top and 
bottom of the central region should be much smaller than the 
corresponding values of Hj. so that there are enough vortices or 
antivortices to be conveniently moved to the opposite end. 
Hg/Hx < 0.64fLj/R , 
where f is the fraction of vortices or antivortices, trapped in either 
transition region. 
(2) Annihilation step: The flux quanta are driven into 
circumferential motion by the applied axial current. The magnitude of 
the applied current is adjusted to be slightly larger than the critical 
22 
ANTI VORTICES 
H, 
TRANSVERSE FIELD 
N VORTICES 
Fig. 6. Sketch of the trapped transverse field during the cooldown 
step 
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depinning current in the central region, but it should not exceed the 
critical depinning current of either end region or any appreciable 
portion of the transition regions. During this step, the vortices and 
antlvortlces move to one side of the cylindrical shell and annihilate. 
Therefore, the central region of the shell is almost free of trapped 
magnetic flux quanta. After the annihilation step is taken, the 
screening currents flow along the opposite axial direction on different 
sides of the sample cylinder, cancelling the perpendicular magnetic 
field Hi.(Fig. 7), and around the sample cylinder, cancelling the 
longitudinal magnetic field The average axial current density 
caused by Hj. is given by [16] 
Jz(+) = (2Hi/d)cos* . (7) 
New vortices or antlvortlces could enter the cylinder if Jg(<|)=0) 
> Jj^. Therefore, the Hi, should be kept low and the whole sample should 
be cooled down to a lower temperature after the annihilation step if 
(<M0) close to Jj^. It is possible that there remain a few vortices and 
antlvortlces whose paths do not Intersect with each other and which, 
consequently, do not mutually annihilate as shown in Figs. 8 and 9. 
(3) Manipulation Step: The remaining fields, mostly along the 
axial direction, can be reduced by a circumferential current induced by 
the coaxial solenoid. A proper number of vortices or antlvortlces are 
moved to the other end or to the central region to make the 
cancellation (Fig. 10). The magnetic field magnitude is adjusted such 
that the induced current in the superconducting shell is slightly 
larger than the critical depinning current in the central region, but 
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SCREENING CURRENT 
\nfu 
Fig. 7. Sketch of the screening current cancelling the 
perpendicular magnetic field H^, 
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ANTIVORTICES 
Ha 
OBLIQUE FIELD 
VORTICES 
N 
N 
. 8. Most of the trapped oblique field are annihilated after the 
current induced annihilation step. The line shows that 
there is a flux quantum trapped at the two ends 
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H, 
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S 
S 
-N; 
S 
S 
a 
N 
N 
N 
N 
N 
N 
®Ja 
-VORTICES 
ANTI VORTICES 
Fig. 9. After the annihilation step, a vortex-antivortex pair did not 
move close enough to each other to annihilate 
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ANTIVORTICES 
Jn® 
VORTICES 
av 
H, 
OBLIQUE FIELD 
Fig. 10. An aximuthal current is induced by the solenoid. If the 
induced current is just above the critical depinning current 
in the transition region, it is possible to move the vortex 
down from one end so there is no magnetic field in the 
central region 
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the field should also be much less than the lower critical field 
It is also possible to proceed with the annihilation step and the field 
manipulation step at the same time to get flux quanta free in the 
central region. This would eliminate the situation as shown in Fig. 9. 
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NUMERICAL SIMULATION 
To understand the result of time evolution of the vortex-
antlvortex annihilation from the experiment more clearly, it is helpful 
to do some numerical calculations to describe the sweeping action. In 
this section, the numerical simulation for the annihilation in a 
superconducting tube is performed. The basic model for vortex motion 
is discussed and the equation of motion of the magnetic flux is 
studied. 
Basic Model 
When an object moves at low speeds through a viscous medium, it 
experiences a resistive drag force that is proportional to the velocity 
of the object. Similar to this situation, a vortex moving in a 
superconductor also experiences a drag force. The forces acting on a 
vortex in a superconductor are: (1) the resistive drag force, F^, 
which is proportional to the velocity of the vortex; (2) the force due 
to Meissner screening current, Fj^, if there is a field differential; 
(3) the interaction force, Fj, from all the other vortices and 
antivortices; (4) the pinning force, Fp, which depends on the material 
and the defects in the material; and (5) the applied depinning force, 
Fj, by passing a current along the axial direction. According to 
Newton's second law, one has 
Fr + FM + Fi + Fp + Fd = ma 
Since the mass of a vortex is so small, we have 
ndx/dt = Fj^ + Fj + Fp + Fj 
30 
where is the viscous drag coefficient and dx/dt is the velocity of 
the vortex. 
To make the calculation for the time evolution of the vortex-
antivortex annihilation possible, consider a group of vortex and 
antivortex row pairs trapped in a infinitely long superconducting tube 
with radius R and thickness d (d « R). The trapped field is in the x-
y plane. As an example shown in Fig. 11, there are magnetic fields 
initially trapped in the +y direction. When an axial current (Ig > 
Ij), along +Z direction is applied, vortex rows move counterclockwise 
and antivortex rows move clockwise, where Ij is the critical depinning 
current. The annihilation occurs when the distance between the rows is 
less than the coherence length C The applied current supplies 
force to overcome the pinning force on the vortices. This is given by 
(in SI system) 
Fd = Jzix$ 
where J^j = l2/(2nRd) is the current density of the applied current, 
and $ is the magnetic flux per unit length of the row. The pinning 
force per unit length of vortex is 
Fp = JjX* 
where Jj is the critical depinning current density. The condition for 
the flux motion is Fj > Fp. 
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VORTICES 
ANTIVORTICES 
B. 
Fig. 11. Sketch of the magnetic field trapped in the +y direction 
initially. Vortices and antivortices move into the -x 
direction by the applied axial current in the +z direction 
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Meissner Screening and Flux Interaction 
Besides the applied current density discussed above, there are the 
induced current density due to the Meissner effect and the current 
density from vortex interactions. Consider a perfect superconducting 
tube with no magnetic field inside. The induced screening current 
flows in the axial direction to cancel the ambient field. Suppose the 
magnetic field is uniformly distributed in the +x direction (Fig. 
12). The field near the outer surface of the tube is given by [16] 
®€feix = -ZBaxSinO 
where 9 is the angle between the vortex row and x-axis. Therefore, 
Jzax(0) = Bgbx/d = -(2Bax/d)sin9 . 
Similarly, the screening current density is 
Jzay = (2Bay/d)cos0 
if a uniform magnetic field B^y is applied in the +y direction. 
The current density due to vortex Interactions depends on the 
spatial distribution of the vortices and antivortices. Vortex rows are 
labeled by n, 6^ and antivortex rows are labeled by n' and 6^/. As 
indicated in Fig. 13, the field outside the tube of radius R appears as 
if produced by a magnetic line charge per unit length at 
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Y 
Fig. 12. Sketch of the field distribution of a superconducting tube 
with no field inside. The dot or the cross in a circle 
indicates the direction of the induced Meissner current 
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Fig. 13. Sketch of the magnetic field produced by a line charge 
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(R, Q^). For each line charge 
7*B = pj^ 
B(2llr) a 
also, 
B = $/(nr) 
Qn = 2* • 
The potential for the line charge per unit length is 
Y = -qlnr/(2nWo) . 
Hence, with r = p - and q = 2$, the magnetic potential outside the 
radius R for the line charge of the vortex row at (p, 0) is 
0) = - ^  In I p - pnl 
=-
where |p - » p^ + R^ - 2pRcos(8 - G^) 
••• ®) = -^ o + R - 2pRcos(e - G^)] . 
The field in the p direction is 
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B^î(p» e) . — 
2 n  
« 2p - 2Rcos(9 - e^) 
p2 + - 2nRcos(9 - 0-
• • 
Similarly, the magnetic field due to the line charge of the antivortex 
row at (R, 6^,) is 
6) 
« 
I n  
2p - 2Rcos(© - G^,) 
p2 + R^ - 2nRcos(0 - 0JJ,) . 
On the surface of the cylinder p = R. 
0) = B^^(R, 0) + Bg^^yCR, 0) = 0 lOUt out 
except at 0 = and 0 = 0^, where Bp"^(R, 0) is singular. The field 
is in the 0 direction is described as follows 
B%"^(P, 0) = -
Mo 
p 30 
The field potential due to the vortex row at (R, 0) along the outer 
surface is given by 
6) = - |j^ln{2R2Il - cos(0 - G^)]} 
B^J(R, 0) = 
2n 
• sin(0 - 6^) 
1 + cos(0 - . 
0 -  ^  
2nR'^ °^ ( 2 
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Similarly, the field due to the antivortex row at (R, - ) is 
o„f * 8+ 6L, 
9> • - îifi c°'( — ) • 
Nov, consider the field inside the tube of radius R. T^"(p, 0) -
- 0), therefore 
* e - % 
^0-av<P' ®> = - 2l« r~ ) 
and 
. $ 0 - 0n* 
9> - 2® -2 > 
The average induced current density in the z-direction arising 
from the fields with the vortex row at (R, 6^) and the antivortex row 
at -0^, can be calculated by 
VxB = PQJ . 
Using the construction shown on Fig. 14, one has 
JVxB-dS =. Jd|-B 
-
= 6) - 9)ljJ .  
Thus, 
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0 
Z  
i «  R  
d «  R  
Fig. 14. An integration path on the sample tube with thickness d/ 
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Jz(e) = ^  0) - (R, 0)1 
Wo* 0 - ^  
-T- ) 
^0* 8- G^, 
Vav(®) = - —— > 
Including all the rows, the net vortex and antivortex interaction 
current density on a vortex rows at (R, is therefore 
int N N 
4 (®n) = Yz-v(%' + M-av<^' %') 
n=l n=l 
(mfn) (m' 9«n) 
The equation of motion [19] for a vortex line is 
=0, if J < 
= 5^ (J - ^ d) If J > ^d 
jf = A(J - Jj) if J > Jj 
where is the viscous drag coefficient, J is the current density at 
the vortex produced by all other sources, and A = (<j)Qc)/()1R). The 
critical depinning current density is either a function of 9 or 
constant. To estimate h» let • 0. The velocity of the vortex is 
The space-averaged electric field is E = (Bv)/c » (B*Qj)/(nc^). Also, 
E = p£j. Using the relation [19], pf = B« one obtains 
*0®c2 
. Pnc2 100Pn 
.. A = ' 
RBc2 BBc2 
where p^, Bg2, and Jj are the normal resistivity, upper critical field, 
and the pinning current density of the superconducting material, 
respectively. 
Time Evolution of the Annihilation 
Using the principle of superposition, we obtain the following 
equation of motion for the vortex or antivortex row 
de^/dt = S^(N)(100p^/RB^2>l'Jz<®n>-^d^®n^J , if > Jy 
= S„(N)(100p„/RB^j)(J^(e„)*Jj(9„)I, If 
- 0 . if |JJ < (7) 
where 
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Jg(8^) . I/(2nRd) 
- (lO/2n)(B^j^/d)sln0jj + ( 10/2ix)(B^y/d)cos0^^ 
, 2N 
+ (5/n^Nj^)(B^/d) E S^(N) cot((0„-0^)/2) 
(RfA) 
(8) 
and 
Si(N) = 1 , for i = 1, 2, ..., N (vortex row) 
= -1, for i = N+1, N+2, 2N (antivortex row) 
Bgjj and B^y are the applied ambient fields perpendicular to the axial 
direction. 0^ gives the position of the ith number vortex or 
antivortex row and N is the current number of the vortex rows. The flux 
per unit length of a vortex or antivortex row is 2RBY/NJJ^, where is 
the field trapped in the tube and is the initial number of the 
vortex rows. 
The first term of Eq. (6) is the applied axial current density. 
The second and third terms are the current density due to the Meissner 
effect in two perpendicular directions. The last summation term is the 
current density from the vortex and interactions. A computer 
simulation was done for 20 pairs of vortex and antivortex rows. Each 
row contains about 10^ flux quanta per centimeter along the cylinder 
length. The vortex and antivortex rows are initially arranged to 
satisfy the equations 
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= (Sj, - iï/2) + cos-l(l + (l-2n)/Ni„I 
n = 1, 2, ..., N (vortex) 
ejj, =  (eij. -  n / 2 )  + 2n - cos"^[l + (1 - 2(n-Nj„))/N£j,] 
n = N+1, N+2, 2N (antivortex) 
where 0j. Is the angle of the trapped field relative to the x-axls. 
Equation (5) can be solved with the help of the fourth order Runge 
Kutta algorithm. In order to compare this with the experimental 
results, the following parameters are chosen: R = 2.54 cm, d = 300 nm, 
Pjj = 10 (jQ-cm, Bg2 = 100 G, = 0.0, = 0.0, Bip = B^y = 4.8 mG, and 
Njj, = 20. The initial equilibrium positions of the rows are located by 
running the program with Ig = 0. Starting with the resulting 
equilibrium positions, which are listed in Table 4, current Is 
increased at the rate of dig/dt = 1 A/sec. This current causes 
vortices to move counterclockwise and antlvortices to move clockwise. 
Annihilation occurs when a vortex row and an antivortex row move to 
within a separation of less than the coherence length A plot of 0^ 
versus time is shown in Fig. 15. The first 5 pairs of rows annihilate 
with about 0.03 A current. We next return the current Ig to zero at a 
rate of -1 A/sec, then again Increase Ig at the rate to about 0.05 A, 
another 5 pairs of rows are of 1 A/sec annihilate. We return when the 
current to zero at a rate of -1 A/sec, then increase the current again 
at a rate of 1 A/sec until all the remaining rows annihilate. All the 
annihilations occur at 0 = n because the rows are initially 
symmetrically arranged and the critical depinning current is zero 
everywhere. Notice that when the current Ig returns to zero the rows 
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Table 4. The initial equilibrium positions of all the vortex rows 
and antlvortex rows 
(vortex) (antlvortex) 
% 0.393602692 ®21 = 5.889582615 
% = 0.594772749 ®22 5.688412558 
% = 0.749795814 ®23 5.533389494 
04 0.882999560 ®24 5.400185747 
®5 1.003296463 ®25 
= 5.279888844 
% 1.115189351 ®26 5.167995956 
©7 1.221380233 ®27 5.061805074 
% 1.323693414 C
O
 4.959491893 
% 1.423483341 ®29 4.859701966 
®10 1.521846094 ®30 4.761339213 
®11 1.619746560 ®31 4.663438748 
1.718109313 ®32 4.565075995 
013 1.817899240 %3 4.465286067 
%4 1.920212420 ®34 4.362972887 
®15 2.026403303 ®35 4.256782004 
©16 
= 2.138296190 %6 4.144889117 
®17 2.258593094 037 
= 4.024592213 
®18 
= 2.391796840 %8 3.891388467 
019 2.546819904 %9 
= 3.736365403 
®20 2.747989962 ®40 3.535195345 
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Fl#' 15. Plot of the position of the vortex rows versus 
time 
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tend to their initial positions. This behavior is called flux 
relaxation. 
Flux Relaxation 
As discussed earlier, the magnetic field inside the tube due to 
the vortex row at (R,G^) and the antivortex row at (R, ) is 
in * (P - Ph) * (P - Pn') 
B = - — ————%+ — 
% IP - Prtl^ K |P - Ph' 1^ 
At the middle of the tube, where p = 0 and |p| = R, 
B(0) = 
= ^  [(cos^ - cos^,)ic + (sin^ - sinGn,)^*) 
For N pairs of vortex and and antivortex rows, 
. 2N . 2N . 
B(0) = Ir I Ï S (N)cosGL i t  +  Z S  (N)sin^ f ] . 
^ n=l ^ n=l 
Let $ = (2RBy)/Njn. One obtains 
2B.T. 2N 
^Z|Sn(N)cose, 
and 
2Bm 2N 
:y(0) = J,S„(N)slne„ . 
Using conditions similar to chose leading to Fig. 15, we plot in Fig. 
16 the magnetic field in the middle of the tube versus the current 1%. 
Notice that after each 5 pairs of rows annihilate, is turned back to 
zero. The little steps in the figure indicate the annihilation of a 
pair of rows of vortices and antivortices. The field hysteresis 
between the two different directions of the current shows flux 
relaxation. Flux relaxation is basically caused by the Meissner 
screening current, which pushes the rows back to the middle, thereby 
increasing the field at the center. If the initial number of rows 
increases, the little annihilation steps will become smaller, but the 
field hysteresis will still remain. Figure 17 shows the situation with 
a uniform critical deplnnlng current density = 20 A/cm^. The flat 
portions of curves at each decrease of the current toward zero indicate 
the effect of pinning. 
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Jri" 0»0 
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Current 1% (mA) 
120 140 
Pig. 16. Plot of the magnetic field versus axial current with no 
pinning 
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Fig. 17. Plot of the magnetic field versus axial current with 
critical depinning current density = 20 A/cm^ 
EXPERIMENTAL TECHNIQUE 
Sample Preparation 
After the material was chosen for making the cylindrical thin 
film, it was important to use the proper procedure and have the 
equipment for cleaning the substrate and evaporation of the thin film. 
The filament was washed and outgassed before the affixation of the 
aluminum. A fire polished commercial Pyrex tube (from Pope Glass) 5 cm 
in diameter and 16.5 cm long was used as a substrate for the deposition 
to deposit the granular aluminum. Pyrex was soldered into copper end 
pieces with indium (99.99%) solder. The Pyrex tube was washed with 
"MICRO" (International Products Corp., Trenton) solution in an 
ultrasonic vibrator container. The formula for the solution is 150 cc 
MICRO plus 8 liters of deionzed water. Then it was rinsed with 
deionzed water. After the tube was washed with acetone and methyl 
alcohol, it was then placed in a vacuum system which was equipped with 
a liquid nitrogen trapped diffusion pump. An aluminum ingot (Alfa 
Products, Ventron) was used to make the aluminum sheet for the 
evaporation. The sheet was 0.050 cm thick and cut into small stripes 
(about 2.5 mm wide and 5 mm long). After it was cleaned with 10% of 
sodium hydroxide solution for 2 min, acetone and methyl alcohol were 
used as a final rinse. Then it was affixed to a 20 cm length of spiral 
tungsten filament composed of 20 turns and 1.4 cm in diameter (R. D. 
Mathis Company, Cardena). The filament was located approximately 14 cm 
below the cylinder. 
Lead alloyed with 2.5% of bismuth was used for the high pinning 
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region which is about 2.5 cm in length on each side of the tube. (The 
PbBi was cleaned with 1:1 acetic acid (CH^COOH) and hydrogen peroxide 
(H2O2).) A small molybdenum boat was used to evaporate the PbBi. A 
motor drive outside the vacuum was used to rotate the cylinder at 150 
rpm during the evaporation. After the filament was outgassed with the 
shutter closed, the system was evacuated to a pressure of lxlO~^ torr. 
The oxygen pressure and evaporation rate then were adjusted to 2x10"^ 
torr and 1 nm/sec, respectively. Next, the shutter was opened and the 
film was deposited. After the sample was cooled down for about 3 hr in 
the vacuum, another short shutter was closed. To make the high pinning 
end region, a film of PbBi about 150 nm thick was deposited on the two 
ends of the aluminum film. Then, about 50 nm aluminum was evaporated 
outside of the PbBi to prevent oxidization. 
Two samples were made. For the first one, voltage taps (indium 
dots) were placed along the length of the cylinder as a diagnostic tool 
for the first sample (sample #1) which was deposited with about 150 nm 
aluminum. The flux pinning in the low field was studied using this 
sample and some preliminary flux sweeping curves were made. In order 
to investigate the flux sweeping in more detail, the second sample 
(sample #2) was made without voltage taps. The thickness of the second 
sample was about 330 nm. Dektak thickness profile was used to 
determine the thickness of a flat substrate of glass. The thickness of 
the film on the cylinder was then obtained using the measured thickness 
of the flat piece divided by n. Figure 18 shows a typical profile, 
that of the sample #1. The bumps on the curve are due to dust on the 
sample. The properties of the two samples are listed in Table 5. 
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Fig. 18. Profiles obtained using a Daktak profiler for sample #1 
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Table 5. Properties of sample #1 and sample #2 
Sample (300K) T^ d a 
(nO-cm) (K) (nm) (W/cm^K) 
#1 11 1.367 150 
#2 16 1.320 330 0.02 
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Cryostat 
The cylinder was mounted in a cryostat with the axis of the 
cylinder vertical. The cryostat was designed to operate between 1.3 
and 4.2 K. The germanium thermometer (GR-200A-100) was attached to a 
copper tube located on top of the cylinder. 
To study the depinning current for the granular aluminum, the 
critical current was measured in different magnetic fields. One 
measurement of Jj was made at magnetic fields in the 0.1 to 40 gauss 
range by means of an electromagnet designed to give radial magnetic 
fields. As shown in Fig. 19, the magnetic flux path for this magnet 
consisted of a cylindrical rod running down the axis of the magnetic 
shield, a coin-shaped disk 1.3 cm thick which extended from the axis 
out to the Pyrex substrate, a cylindrical shell return path up to the 
top of the magnetic shield, and another coin-shaped disc returning the 
flux to the central rod. A small Cu solenoid around the central rod 
was used to excite the magnet. The field was calibrated by the 
hysteresis loop of the magnet using a Hall probe at room temperature. 
Because of the inhomogeneities and irreproducibility, the system was 
carefully demagnetized. 
To investigate the shield apparatus, two pairs of Helmholtz coils 
perpendicular to each other and oriented parallel to the horizontal 
component of the earth's field were used to provide horizontal fields 
(8%, By), and a Cu solenoid was used to provide axial or vertical 
fields (Bg). The diameters of the Helmholtz coils were 33 cm for the x 
direction and 37 cm for the y direction. The earth's magnetic field 
could be cancelled by the two pairs of Helmholtz coils and the solenoid 
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^-RADIAL FIELD 
19. Sketch of the arrangement of the radial magnetic fields by 
a magnet 
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to a level of external noise which was less than 1 mG. Three flux gate 
magnetometers were used to measure the magnetic fields By, and B^, 
The magnetometer could be used to measure the magnetic field as low as 
one milligauss. But it is not a proper probe to measure the lower 
field. 
Electrical Measurements 
Data acquisition could be controlled either manually or semi-
automated with an Apple //e microcomputer. The advantage of the 
automatic control is that it can take many different measurements at a 
very short time. For example, measuring magnetic fields in three 
directions, current through the sample and temperature only took a few 
seconds. The schematics of the measurement system are shown in Figs. 
20 and 21. All measurements are taken by a nanovolt meter (Keithley 
181) through a scanner (Keithley 705). A bipoler programmable power 
supply (KEPCO 480-B) was used to supply the current through the sample. 
It was also controlled by the Apple computer through an IEEE interface 
bus. The current could be smoothly changed to any value between -2A to 
+2A either manually or automatically. The I-V curve for sample #1 was 
obtained in different ambient fields by measuring the voltage across 
the two middle taps and the standard resistor which connected through 
the two outer taps to the current power supply. The two power supplies 
(KEPCO CK18-3M) for the two colls in the x and y directions were 
controlled by external potentiometers such that the fields could be set 
to a desired value. The field in the z direction driven by the 
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Sample 
Current Supply Nanovoltage Meter 
X-Y Recorder 
Fig. 20. Schematic of manual controlled measurement system 
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Magnetic Field 
Scanner Current Supply Nanovoltage Meter 
Mllliammeter 
Apple lie 
Sample 
Fig. 21. Schematic of semi-automated measurement system 
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solenoid controlled by a high resolution operational power supply 
(KEPCO BOP 36-5(M)). The fields in three directions could be adjusted 
to any value from -100 mG to +100 mG. The three magnetometers were set 
perpendicular to each other, a few millimeters apart as shown in Fig. 
22. The resistance of the thermometer was determined by measuring the 
voltages across the thermometer and a standard resistor. 
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Fig. 22. Sketch of the three magnetometers inside the sample tube 
RESULTS AND DISCUSSION 
Flux Pinning in Low Magnetic Fields 
As a first step in the development of a magnetic shield, an 
extensive study was made of the magnetic field dependence of Jj. It 
was necessary to do this work because nothing was known about pinning 
in fields below approximately 30 Oe regime and it is a critical factor 
in the design of the shield. At high magnetic fields, the vortices are 
located very close together and form a stable lattice. The separation 
of vortices gets larger if the ambient field decreases. The 
approximate relation between the distance of the vortices and the 
magnetic field is s « where s is the average separation distance 
of vortices. 
For the investigation of the I - V characteristic, sample #1 was 
used primarily because it had voltage taps. The voltage - current 
curve (Fig. 23) and the critical current properties were studied in the 
radial field produced by the iron core magnet. The I - V curves show a 
zero voltage region at low I when the vortices do not move and a linear 
region in the low voltage regime typically below 150 pV. At higher 
voltages, V increases more rapidly because local heating is a problem. 
The critical depinning current, Ij, was defined as the intersection of 
the linear regime of the I - V curve with the V = 0 axis as shown in 
Fig. 23. Typical results for the magnetic field dependence of Ij 
increase approximately inversely as the applied field, (Fig. 24). 
To show this dependence more clearly, a plot of ly^ versus is shown 
to be approximately a straight line, as illustrated by the solid 
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T= 1.313 K 
.8f= I6.5G 
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CURRENT ymA) 
Fig. 23. Voltage-current characteristics of a cylindrical film of 
granular aluminum at several magnetic fields 
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circles. The intercept indicates the high pinning current at low 
fields and the slope is about 1.1 Oe~^A"^. 
On Fig. 25 ,  a plot of the magnetic field dependence of the 
critical current density is shown over a much wider field range at a 
different temperature. There is a significant change of Jy between low 
and high magnetic fields. Studies of a number of films over the 
reduced temperature range from 0.8 to 0.95 and the magnetic field range 
from 1 to 40 Oe show critical current of the form Ij = A(Hg + 
where A and are constants. This behavior is quite general for 
granular aluminum. Furthermore, the values of Ij in the millioersted 
range might be 10 times' larger than values measured in the 10 to 30 Oe 
range. Magnetic field inhomogeneities on the order of several tenths 
of a Gauss limit the use of this radial field iron core magnet to 
measurements above 1 Oe. Therefore, different methods were used at low 
fields. For fields below 1 Oe, the values of Ij are derived directly 
from studies of flux sweeping. 
Basic Sweep vs. 
A sketch of what might be expected for an ideal case of flux 
sweeping is shown in Fig. 26. Suppose the shield is cooled through the 
transition temperature, T^, with a magnetic field of 1.4 mG directed 
only along the x-axis. The cylinder axis is the z-axis. The vortices 
and antivortices move to one side and annihilate as the axial current 
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24. Magnetic field-dependence of the critical current of 
granule aluminum. The open circles are ly data; the 
solid circles are data 
64 
< 
4000-~J(j(A/cm^) 
3000-j 
_ 
2000 1 
looaf-
1 1 1 1 1 1 
-30 -20 -10 0 10 20 30 
H(0e) 
Fig. 25. Magnetic field-dependence of Ij for field up to 40 Oe 
65 
2 
ZO 
0 
100 50 0 
26. Sketch of an ideal behavior of a magnetic shield. I^, 
and Ig are the critical depinning current, current 
at which all the flux are swept out, and the current of 
creating hot spots, respectively 
Ig exceeds the critical depinning current I^. Further increases in 
reduce the field, until at some current, I^ Q, all the vortex-antivortex 
pairs have been annihilated and = 0 in the shield interior. If at 
this point is reduced to zero, all the flux will remain excluded. 
If Ig is increased beyond I^Q, however, eventually superconductivity 
will break down and hot spots will form at some current Ig. At high 
currents, the shield returns to the normal state and the flux collapses 
back into the shield. 
To study flux sweeping in the shield, the iron core magnet was 
removed and Ij was measured by studying the flux sweeping and vortex 
annihilation behavior of the shield. The basic sweeping procedures as 
shown in Fig. 27 were carried out in the following way. First, By and 
Bg were set to zero. Second, B^ was adjusted to the desired value and 
the temperature was cooled to t = 0.994 K in the presence of this 
field. Third, the axial current, Ig, was turned on gradually until the 
field started to drop. Fourth, after waiting a few seconds for the 
completion of annihilation, I^ was increased and then returned to zero. 
Finally, the same sequence was repeated with different B^. Notice that 
the current for the main drop of the field was independent of the 
trapped field B^ when it was less than 10 mG. It took a few seconds 
for the field to drop because many vortices and antivortices had to 
travel several turns around the cylinder until they moved close to each 
other and were annihilated. The amount of field annihilated, 6B^, 
versus the initially trapped B^ is plotted in Fig. 28. A small amount 
of residual field is expected for each sweep because there were fields 
retained within the three probes which could not be swept out. 
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Fig. 27. Basic flux sweeping at several trapped magnetic fields 
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Fig. 28. Plot of several trapped fields versus the annihilated 
field ÛB^. The straight line is the ideal case 
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Two symmetric plots in both directions of the current and also 
in both directions of the field are shown in Figs. 29 and 30. Fig. 
29 was obtained from sample #1. The asymmetry of the curve arises 
because the indium dots on one side of the sample trapped some flux. 
In the top section of the figures, the vortices are swept in the -y 
direction when the applied current was negative (in -z direction) and 
in the +y direction when the applied current was positive. When the 
field is reversed, the sweeping direction is also reversed, as shown in 
the bottom section of the figures. The magnitude of can again be 
reduced via current induced annihilation processes. The upper right 
quadrant of Fig. 29 shows the outside ambient field is initially set to 
8.4 mG. As the axial current proceeds to positive currents, there 
is no change in B^ out to +50 mA. Beyond this, there is a gradual drop 
in Bjj as the vortices move. At 4.6 mG, was reduced to zero and the 
flux was essentially frozen out. The shield now has a magnetic field 
differential of external B^ = 8.4 mG and internal B^ = 4.6 mG. To 
maintain this, current densities on the order of 3x10^ A/cm^ which is 
obtained from Eq. (7) must circulate in the shield. Subsequent 
increases of Ig show that more flux can be swept out. Eventually, at a 
field of about 4.0 mG the shield breaks down and new vortices enter. 
Breakdown probably occurs because the currents flowing to maintain the 
magnetic field differential exceeds the critical current for flux entry 
from the ends. The remaining fields were most likely due to the probe 
or could be due to variations in the critical current of the granular 
aluminum. 
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Fig. 29. Plot of the magnetic field versus current in both 
directions of the field and in both directions of the 
current 
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30. A symmetric plot of magnetic field versus axial current 
at several low fields 
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Window for Operation 
Many measurements shoved the vortex annihilation without 
nucleating any new vortex or exceeding the current density of the hot 
spots. But it was also observed that if the temperature is not close 
to Tg, new vortices or hot spots can be nucleated. In theory, it was 
predicted that the current density for breakdown is proportional to 
(Tg - as given in Eq. (6). 
The depinning current density at several temperatures was 
determined by using the plot versus Ig. About 2 mG of magnetic 
field B^ were trapped at different temperatures with By = 8% = 0, as 
shown in Fig. 31. The current, I^, was slowly and smoothly Increased 
In the negative z direction until the field began to drop 
significantly. This indicates vortex and antivortex annihilation at 
the negative y direction. The steps for each curve show that the flux 
pinning was not uniform. Using the measured depinning current divided 
b y  2 n R d ,  w e  o b t a i n  t h e  c r i t i c a l  c u r r e n t  d e n s i t y  J „ .  
The minimum current density due to hot spots (breakdown) was 
obtained at several temperatures by plotting the magnetic field inside 
B^ versus the magnetic field outside of the cylinder B°. As shown in 
Fig. 32, the fields initially are set to zero in all three directions. 
B° was calibrated by using the current through the Helmholtz coil. 
After the sample was cooled to a desired temperature, the ambient 
magnetic field was slowly increased and the data for that 
temperature were taken. The sample was warmed up after each run and 
the same procedure for different temperatures was repeated. The 
breakdown field was obtained at the point when the slope of the curve 
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the breakdown point 
75 
begin to change as shown in the figure. Then the breakdown current 
density was obtained by Eq. (7) with * = 0. Using the best curve 
fitting, the results were 
Jj, = (9.243 - 7.005T)xl0^ (A/cra^) 
and 
= 8.524xl07(Tc - T) (A^/cm^) 
The heat transfer coefficient obtained from the curve fitting was 0.023 
(V/cm^K). It is about 4 times less than the value discussed in Refs. 
18 and 19. The temperature range for sweeping as shown by the region 
between the Jj and curves of Fig. 33 was about 17 mK below T^, and 
the maximum capability of field sweeping was about 5 mG. If the ÙB^ 
was higher than 5 mG, then the induced current density due to the 
Meissner effect exceeded Jj^ such that new vortices or antivortices 
could be nucleated. The heat transfer coefficient was lower than 
expected probably because of the high concentration of oxygen. 
Field Leaking from Two Ends 
Figure 32 was also used to determine the field which leaks in from 
the two ends of the sample tube. From the slope of the curve 
corresponding to the lowest temperature, (B^) and (B^^) were 
measured at the breakdown point. The value of the B^/B^ from the 
measurement was 5.33x10"^. To compare with the prediction of Eq. (5b), 
one can use the effective length L = 15 cm and the radius R = 2.5 cm 
and substitute these values into the equation. The result is: B^/B^ = 
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5.27x10"^. The difference of these ratios between theory and 
experiment is about 6%. Thus, = 5.3 yG for = 1.0 mG. 
When T is close to Tg, X - \[1 - (T/T^)^]-^/^, - 80 nm, 
T/Tg = 0.989, L » 15 cm, R = 2.5 cm, d = 300 nm, and B^ = 1.0 mG. 
Using Eq. (4a), one obtains X = 385 nm and B^ = 36 nG. If T/T^ = 0.9 
and the other parameters remain the same, then X = 136 nm and B^ = 2.5 
nG. Comparing the results from Eq. (5b) with these values, we conclude 
that Eq. (5b) essentially governs the final level of the field inside 
the sample tube. The field inside the cylinder due to the penetration 
depth is only about 0.1% of the field which leaks in from the ends. 
Volume Sweeping 
As a further test of the flux sweeping action of the shield, all 
components of the magnetic field were measured during the sweep. For 
these runs, three different flux gate magnetometer probes pointing in 
the three perpendicular directions were used. Here, instead of making 
a continuous sweep, the value of Ig is set and the values of B^, By, 
and Bg are read in sequence before is changed to the next value. 
This procedure was done by semi-automatic control. was turned on by 
the Apple //e through IEEE interface to the power supply. After each 
step which was about 0.5 mA, Ig, B^, By, Bg, and T were measured in the 
form of voltage and converted to the real value, then saved in the 
computer. A plot of the data is shown in Fig. 34 for an ambient field 
of B = (6.2, 3.9, 1.4) mG. Note that all three components of B 
decrease in the sweeping action which begins at about Ig = 270 mA. 
Both Bjj and By are swept out together and even Bg decreases a bit. The 
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final value is B = (1.7, 1.2, 1.0) mG for this sweep. The small jumps 
in the field before the sweeping action was due to the fluctuation of 
the temperature caused by the heat from the probes. In an earlier 
experiment with sample #1, solder contacts were made along the shield 
to measure voltages at various points. For this shield, flux pinning 
was asymmetric and the flux sweeping process would rotate the direction 
of B with very little annihilation. This effect does not occur for 
this shield. 
Field Variation along the Cylinder 
After the annihilation procedure, the magnetic field at the middle 
of the cylinder should be at the minimum. As the position closes to 
either end, the field increases. This is indicated in Fig. 35, which 
shows the fields along the cylinder before and after the annihilation. 
Indeed, the minimum is located at the center. 
Dependence of Sweeping on B^ 
Broadly speaking, the flux sweeping action in the x-y plane is 
relatively insensitive to the value of Bg. This is illustrated in Fig. 
36 where By is swept out for B^ = 0 at values of B^ which range from 
1.0 to 10 mG. In all cases By is swept from about 2.2 mG down to 0.7 
mG independent of Bg. Indeed, the shapes of the curves are very 
similar. The operation temperature is very close to T^. Instead of 
annihilation, the field could rotate to the x-axis directions if the 
temperature is colder. 
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Relaxation of Vortices 
Another aspect of the data is the comparison of the experiment 
with the numerical simulation of vortex motion. In the course of 
sweeping vortices out of the shield, there are five forces acting on 
the vortices or antivortices. As stated before, they are the Lorentz 
force, the viscous drag force, the pinning force, the force from 
Meissner screening currents, and the interaction force from all the 
other vortices and antivortices. Therefore, the arrangement of 
vortices and the value of in the center of the field depends on all 
of these forces. When is used to sweep vortices out, there is 
pressure towards the side of the shield. When is turned off, the 
remaining vortices relax to a different position and in the center 
changes as Ig is reduced to zero. These effects are most easily seen 
close to Tg where the flux pinning is weak. The experimental result is 
plotted in Fig. 37 at a reduced temperature of 0.976 K. The axial 
current increases to 100 mA then returns to zero. After this, the 
current, I^, increases to 190 mA and returns to zero. Finally, it 
increases to 270 mA and returns to zero. Its annihilation and 
relaxation behavior are very similar to the numerical result which was 
shown in Fig. 17. The flux sweeping begins at rather low values of Ig, 
on the order of a few mA and with each reduction of Ig until zero, the 
vortex rows rearrange themselves under the mutual repulsive forces and 
the force from the Meissner effect. 
Limits on the Experiment 
According to Clem's theory, the magnetic field in the middle of 
the cylinder (with L = 15 cm, R =2.5 cm, and d = 300 nm) at least 
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should be at the microgauss level after an annihilation step. 
Unfortunately, there are always some remaining fields after the 
annihilation procedure. Several residuals contribute to this field. 
This is explained as follows: (1) The most serious limitation on the 
experiment has been the use of flux gate magnetometers to measure the 
three components of B. They are not capable of measurements of B much 
less than a few tenths of a milligauss as they were configured here. 
The probe retains some magnetic field in the order of a few tenths of 
an mG and the magnitude of the field retained depends upon the initial 
ambient field. Thus, the probe itself acts like a small magnet. All 
three probes interfere each other. There is no way to sweep out the 
fields retained in the probes. (2) There are some peculiar ambient 
magnetic fields trapped in the sample during the cool down step. 
Because of the influence of the environment, the magnetic field 
distribution is not uniform. Anything nearby with iron in it could 
distort the ambient field. For example, a moving elevator 8 meters 
away could change the field about 0.5 mG. The variation of the fields 
from the top to the bottom of the cylinder usually were: = 0.2 mG, 
AHy = 8.0 mG, and = 10.0 mG. A volume sweeping is illustrated in 
Fig. 38 which has a completely nonuniform field both before and after 
the annihilation step. (3) There are some high pinning regions on the 
film. The argument is that the evaporation is not optimum. Factors 
which might affect the sample are the following: (a) vacuum pressure, 
(b) substrate temperature, (c) rotation speed of the substrate, (d) 
evaporation rate, and (e) pressure change of the oxygen. 
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Because of the limitations listed above, new probes (for instance 
SQUID with flip coils), better environment, and better evaporation 
systems should be used to achieve the final goal of zero flux quanta. 
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CONCLUSIONS 
In this study, it has been shown that granular aluminum is a 
suitable material for the construction of a magnetic shield in which 
flux can be swept out. There is a small temperature window near T^., 
which is in the order of 20 mK wide within which a small axial current 
can be used to move vortices and antivortices toward one side for 
annihilation, yet not cause hot spots or the nucleation of new 
vortices. After sweeping, the shield can be cooled well below and 
the flux will be held out. The equation for the field leaking from the 
two ends has been verified at least to the degree possible when 
allowing for experimental error. One may conclude, therefore, that 
the field level leaked in from the two ends of the shield can be kept 
lower than one flux quantum if the length of the tube is long enough as 
compared to its radius. 
There is a limit, however, to the magnitude of the magnetic field 
which can be excluded, for the required screening currents will exceed 
the breakdown current density, J]^. The shielding limit is about 5 mG 
for this particular granular A1 shield, which was 15 cm in length, 5 cm 
in diameter, and 300 nm thick. 
The annihilation of vortex-antivortex pairs was successful. 
However, there is still great distance in order to construct, 
perfectly, the shielding designed by Clem. For an ideal shield, a 
longer tube should be made and a SQUID with a flip coil should be used 
as a low magnetic field probe. 
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